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Density functional theoryA database of thermodynamic solubility energies of impurities and defects in solid solution in fcc-nickel
is reported using an extensive series of ﬁrst-principles calculations, based on density functional theory
(DFT). The solubility and insertion energies of solute elements, intrinsic (vacancies) and self-interstitial
defects (dumbbells) are computed. The DFT energies of the main elements of the periodic table are com-
pared to the experimental and theoretical literature, and the inﬂuence of the solute atoms on the network
is discussed. We obtained that for most of the species the substitution sites are preferred to the intersti-
tial sites (including He, Li, F, P, S and Cl atoms), except in the case of the ﬁve elements, B, C, N, O and H,
which are observed preferentially in interstitial octahedral sites. The migration mechanisms are pre-
sented for these interstitial elements and for the particular case of He, including the vibrational
contribution.1. Introduction
Due to their relevance for a wide variety of phenomena arising
in materials processing, extensive efforts are devoted to the devel-
opment of databases for solubility energies in multi-component
alloys, as illustrated by the strong development of the thermody-
namics databases. Ni-based alloys are commonly used as refractory
structural materials due to their mechanical properties. This spe-
ciﬁc properties are partly attributed to the elements dissolved in
the fcc Ni-matrix, which contribute to the mechanical properties
by different strengthening mechanisms [1,2]. The solid-solution
strengthening due to lattice distortion and the interference of the
alloying in the lattice periodicity is the ﬁrst mechanism [1]. In
Ni-based alloys, W, V, Mo, Co, Re, Cr and Al are involved in the
solid-solute strengthening. When used at high temperatures, the
dissolution and diffusion of O, N, C, and S are also involved with
high temperature corrosion, internal oxidation, nitration or carbu-
ration. These elements can also cause the embrittlement of the
alloys. Together with boron and hydrogen, they can be found to
segregate at grain boundaries and inter-phases and interact
strongly with point-defects [3,4]. To protect Ni-based alloys from
high temperature oxidation, it is necessary to alloy them with Al,
Cr or Si to form an external protective oxide layer of Al2O3, Cr2O3
or SiO2. To do so, the alloy must accept a sufﬁcient quantity of
atoms (Al, Cr or Si) and must have a limited diffusivity of oxygen,i.e., a limited solubility and diffusion coefﬁcient for oxygen [5].
When adding elements such as Al, Ti, Ta, Nb, and C, their solubility
and diffusion also control the nucleation and growth kinetics of
precipitates (e.g., c0-Ni3Al, or d or c00-Ni3Nb and Cr-carbides), that
control the mechanical properties of Ni-based alloys.
However, few data are available in the experimental and theo-
retical literature for elements in solid solution. The strength of the
numerical simulations (DFT) allows a systematic study to obtain
experimental and theoretical data on the solubility properties in
fcc-nickel. Janotti et al. [6] studied the solute diffusion for different
transition metals (Ti, V, Cr, Mn, Fe, Co, Ni and Cu) without giving
the solubility energies. They showed that, according to the interac-
tions between solute and vacancy, larger atoms can move faster
than lighter atoms. Yamaguchi [7] studied the segregation for a
large number of elements in symmetric grain boundaries R5-Ni
and free surfaces. Some species have already been studied in
detail: Nb [8], C [9], O [10,11], H [12,3], S [13,14] and He [15].
The aim of this work is to provide information on all impurities
and solutes in nickel. We present a complete database of solubility
and insertion energies for most species in solid solution in nickel
using ﬁrst-principles calculations. With the state-of-art techniques
(highly converged calculations on large super-cells) we present an
accurate reference database. For interstitial elements, we also
report migration mechanisms.
Section 2 is devoted to numerical approximations. The results
for each element are presented and discussed in Section 3. In Sec-
tion 4, the migration mechanisms of interstitial elements are
discussed.
Table 1
Insertion (Eins) and solubility (Esol) energies (eV) and magnetic moment (in Bohr’s unit, of the system) of the impurities in the substitution position as a function of the unit cell
size. For the He and Ba atoms (indicated with ⁄), 4  4  4 supercells simulations are also listed. The ﬁrst Esol value corresponds to the value computed using Kittel’s cohesive
energy.
2  2  2 3  3  3 2  2  2 3  3  3
Eins lB Eins Esol lB Eins lB Eins Esol lB
H 0.168 18.5 – – Zr 7.308 15.6 7.376 1.126/0.946 61.5
He 3.234 19.0 3.212/3.205⁄ 0.000/3.212 64.9 Nb 7.739 14.9 7.735 0.165/0.704 60.7
Li 1.690 18.3 1.732 0.102/0.112 64.3 Mo 6.477 14.9 6.411 0.409/0.027 60.3
Be 4.333 17.6 4.384 1.064/0.695 63.7 Tc 6.850 16.6 6.727 0.123/0.354 63.0
B 5.668 17.2 5.704 0.106/0.727 63.3 Ru 6.454 19.2 6.442 0.298/0.445 66.3
C 4.290 17.8 – – Rh 5.733 19.9 5.729 0.021/0.097 66.0
N 1.642 19.4 – – Pd 3.473 19.3 3.463 0.427/0.252 65.3
O 1.773 19.5 – – Ag 1.462 18.5 1.432 1.518/1.115 64.6
F 0.869 19.3 0.872 0.032/0.380 65.4 Cd 0.030 17.9 0.047 1.207/0.817 63.9
Ne 4.389 19.0 4.367 4.387/4.413 64.9 In 2.200 17.2 2.192 0.328/0.173 63.2
Na 0.942 18.4 0.904 2.017/2.002 64.3 Sn 3.491 16.6 3.471 0.331/0.211 62.7
Mg 1.739 17.6 1.781 0.271/0.297 63.6 Sb 3.023 16.2 2.990 0.240/0.173 62.4
Al 5.025 16.9 5.069 1.679/1.636 63.0 Te 2.137 16.1 2.100 0.090/0.421 62.5
Si 6.207 16.4 6.231 1.601/1.577 62.6 I 1.044 16.6 1.089 2.199/2.258 62.8
P 4.576 16.6 4.602 1.172/1.140 62.9 Xe 7.457 17.2 7.585 7.745/7.639 63.5
S 2.783 17.8 2.827 0.627/0.242 63.9 Cs 5.699 16.9 5.836 6.640/6.541 63.2
Cl 0.723 18.4 0.716 2.116/2.214 64.7 Ba 2.384 16.5 2.513/2.604⁄ 4.413/4.406 62.8
Ar 6.685 18.3 6.656 6.736/6.656 64.7 Ce 4.621 14.6 4.560 0.240/0.195 60.7
K 4.005 18.2 3.979 4.913/4.850 64.0 Pr 3.074 16.2 2.959 0.741/1.505 61.8
Ca 0.344 17.5 0.395 1.445/1.502 63.4 Nd 3.193 16.2 3.109 0.291/1.214 61.9
Sc 5.827 16.5 5.901 2.001/1.150 62.5 Pm 3.793 16.3 3.723 /3.723 61.9
Ti 7.071 15.6 7.119 2.269/1.526 61.6 Sm 4.040 16.3 3.993 1.853/0.800 62.0
V 6.277 15.1 6.273 0.963/0.821 60.8 Eu 1.237 16.9 1.282 0.578/0.588 62.8
Cr 4.100 14.3 3.966 0.134/0.238 64.6 Gd 3.977 16.4 3.947 0.193/0.365 62.0
Mn 4.320 21.8 4.361 1.441/0.245 68.0 Tb 4.141 16.4 4.130 0.080/0.199 62.1
Fe 5.360 21.3 5.367 1.087/0.320 67.5 Dy 4.284 16.4 4.280 1.240/0.054 62.1
Co 5.480 20.5 5.490 1.100/0.056 67.8 Ho 4.322 16.4 4.324 1.184/0.070 62.0
Ni 4.913 19.4 4.913 0.000/0.004 67.3 Er 4.425 16.5 4.436 1.146/0.203 62.2
Cu 3.346 18.4 3.372 0.118/0.122 64.5 Yb 1.306 17.2 1.372 0.228/0.098 63.0
Zn 1.554 17.7 1.611 0.261/0.495 63.8 Hf 7.802 15.6 7.860 1.420/1.360 61.6
Ga 3.692 17.1 3.721 0.911/1.033 63.1 Ta 9.746 14.8 9.751 1.651/1.071 60.7
Ge 4.693 16.6 4.722 0.872/0.886 62.8 W 8.700 14.4 8.661 0.239/0.216 60.0
As 3.611 16.6 3.638 0.678/0.659 62.9 Os 8.084 17.6 8.015 0.155/0.524 64.9
Se 2.353 17.2 2.388 0.072/0.351 63.4 Ir 7.407 19.4 7.401 0.461/0.021 65.9
Br 1.041 18.0 1.056 2.276/2.357 64.2 Pt 5.713 19.3 5.706 0.134/0.175 65.3
Kr 7.197 17.9 7.232 7.348/7.281 64.3 Au 2.461 18.6 2.404 1.406/0.639 64.6
Rb 5.213 17.7 5.273 6.125/6.045 64.1 Hg 0.994 18.0 1.037 1.707/1.233 64.0
Sr 1.343 17.3 1.348 3.068/2.956 63.2 Pb 1.777 16.8 1.715 0.315/1.299 62.9
Y 4.720 16.5 4.723 0.353/0.270 62.4 Bi 1.425 16.5 1.353 0.827/1.139 62.72. Computational details
The calculations were performed within the density functional
theory (DFT) formalism, using the Vienna ab initio simulation pro-
gram (VASP) [16–19] using the projector-augmented-wave (PAW)
pseudopotentials [20]. The spin-polarized version of the Perdew–
Wang (PW91 [21]) generalized gradient approximation (GGA)
was used for the exchange and correlation functional. The cut-off
energy was maintained at 600 eV for all elements, and the Brillouin
zones were sampled using 24  24  24 k-mesh grids for the fcc
unit cell with four atoms, and a band-folding approach [22] for
supercells. These parameters provide an excellent convergence
for the energy values (<1 meV per atom). The lattice parameters
and the ions were allowed to relax. Within these criteria, the
ground state properties of fcc nickel (the lattice parameter, the
cohesive energy and the magnetic moment were equal to 3.52 Å,
4.89 eV/atom and 0.62 lB, respectively) agreeing with previous
DFT calculations [8] and the experimental values [23]. We
employed supercells to model the defects and to study the impuri-
ties. To determine the preferred site, we used 2  2  2 cubic
supercells (32 atoms). The converged energies were then calcu-
lated on larger supercells (3  3  3, i.e., 108 Ni atoms). However,
to limit the number of simulations, when the substitutional site
(or the interstitial site) was the more stable conﬁguration, the
energy of the interstitial (substitutional) sites was only evaluatedon the 2  2  2 supercells. The atomic energies of the solutes X
(labeled loat[X]) were calculated on large non-cubic supercells
ð10 11 12 Å3). The energies of the reference states were also
computed. In most of cases, the reference states were given by Kit-
tel [23], i.e., either a hexagonal close-packed structure (hcp, with
two atoms per unit-cell), a cubic structure (fcc, bcc, sc or diamond,
with one or two atoms in the primitive cell) or a molecule (dia-
tomic). However, for As, [24] B, [25] Be, [26] Ga, [27] Mn, [28] P,
[29] Pr, [30] Sb, [31] Se, [32] Sm [33] and Te, [34] the reference
states have more complex structures. Fine Monkhorst–Pack grids
[35] were adopted to calculate the ground-state energies (C-cen-
tered grids, with more than 14,000 k-points per atom to sample
the reciprocal Brillouin zone). We show in Tables B.9 and B.10
the results for the reference states: the lattice parameters, the
cohesive energies and the magnetic moment, to verify that our
results for the reference states agree satisfactorily with the exper-
imental results.3. Interstitial or substitutional site
In the face-centered cubic structures, there are three main sites
for the added atoms: (i) the two interstitial sites, i.e., the octahedral
and the tetrahedral site (labeled in the following as (O) and (T),
respectively) and (ii) the substitutional site (i.e., replacing a Ni
Table 2
Insertion (Eins) energies (eV) of impurities in the octahedral and tetrahedral sites
computed on 2  2  2 supercells. Only substituted elements are listed.
Eins lB Eins lB Eins lB Eins lB
octa tetra octa tetra
Li 1.190 18.7 2.117 18.6 Ru 1.955 18.2 1.031 19.1
Be 2.548 17.9 1.019 17.9 Rh 1.087 20.1 0.064 20.3
F 0.317 20.0 0.058 20.1 Pd 1.097 19.8 2.461 20.0
Ne 7.520 19.4 7.811 19.6 Ag 3.135 19.3 4.846 19.2
Na 5.026 18.8 5.908 18.8 Cd 4.690 18.5 6.483 18.4
Mg 2.535 18.1 3.663 18.1 In 2.399 17.7 4.211 17.7
Al 1.155 17.3 0.168 17.4 Sn 0.980 17.2 2.826 17.2
Si 3.382 16.8 1.830 16.8 Sb 1.174 16.9 2.998 16.8
P 3.081 16.5 1.443 16.6 Te 1.694 17.1 3.499 16.9
Cl 2.207 18.1 2.969 18.5 I 4.463 17.5 6.215 17.6
Ar 9.692 18.8 10.109 19.1 Xe 10.912 17.6 12.756 18.4
K 7.939 18.6 8.851 18.6 Cs 9.281 17.5 11.025 18.1
Ca 3.839 17.8 4.660 17.9 Ba 6.296 17.2 8.149 17.7
Sc 1.706 17.0 0.819 17.1 Ce 1.147 15.5 0.228 15.8
Ti 3.433 16.1 2.673 16.2 Pr 1.060 16.7 2.583 17.1
V 2.812 15.4 2.055 15.5 Nd 0.952 16.7 2.419 17.1
Cr 0.667 15.1 0.054 14.9 Pm 0.391 16.8 1.792 17.1
Mn 0.418 19.1 0.431 19.4 Sm 0.169 16.8 1.521 17.1
Fe 1.605 21.8 0.643 21.7 Eu 2.684 17.4 3.590 17.5
Co 1.758 21.1 0.850 21.0 Gd 0.257 16.9 1.527 17.2
Cu 0.503 19.1 1.834 19.0 Tb 0.132 16.9 1.369 17.2
Zn 2.297 18.2 3.786 18.2 Dy 0.133 16.9 1.233 17.2
Ga 0.036 17.6 1.524 17.5 Ho 0.005 16.9 1.215 17.2
Ge 1.439 17.1 0.168 17.1 Er 0.075 17.0 1.124 17.2
As 0.868 16.8 0.710 16.8 Yb 2.799 17.7 3.648 17.7
Se 0.010 17.3 1.458 17.2 Hf 3.433 16.2 2.265 16.4
Br 3.552 17.9 4.707 18.3 Ta 5.431 15.4 4.223 15.7
Kr 10.314 18.3 11.328 18.8 W 4.368 14.9 3.168 15.1
Rb 9.027 18.3 10.299 18.5 Os 3.439 16.7 2.266 17.7
Sr 5.584 17.8 6.901 17.9 Ir 2.590 19.3 1.395 19.8
Y 0.381 16.9 0.855 17.2 Pt 0.930 19.7 0.533 20.0
Zr 3.065 16.1 1.881 16.4 Au 2.184 19.4 4.103 19.3
Nb 3.576 15.4 2.470 15.7 Hg 5.594 18.8 7.660 18.5
Mo 2.334 15.0 1.301 15.1 Pb 2.660 17.4 4.714 17.4
Tc 2.555 15.8 1.558 15.9 Bi 2.875 17.1 4.935 17.1atom). In the following, only symmetric conﬁgurations were con-
sidered for the substitutional conﬁguration, no off-centered posi-
tions. To analyze the relative thermodynamic stability of the sites
considering that the number of the Ni atoms in the two the conﬁg-
urations is not the same, we used two sets of equations to computeTable 3
Solubility (Esol) and insertion (Eins) energies (eV) of the tetrahedral and octahedral intersti
2  2  2
Eins lB
octahedral sites
H 2.217 18.7
He 4.514 19.2
B 6.480 17.1
C 7.396 16.6
N 4.723 16.8
O 2.903 19.2
S 2.027 16.9
Ni 1.194 19.9
tetrahedral sites
H 1.989 18.6
He 4.377 19.0
B 4.596 17.2
C 5.746 16.7
N 3.729 16.7
O 2.704 19.1
S 0.633 17.1
Ni 0.115 20.1the solubility (and the insertion) energies, labeled EsolðEinsÞ, accord-
ing to the site studied. The Esol½X energy of an X impurity in an
interstitial site ((T) and (O)) is evaluated using
Esol½X ¼ Eo½n:Niþ X  Eo½n:Ni  loref ½X ð1Þ
and for the substitutional sites,
Esol½X ¼ Eo½ðn 1Þ:Niþ X  Eo½n:Ni þ loref ½Ni  loref ½X ð2Þ
The insertion energy (Eins) is computed using the chemical potential
of the free atom deﬁned above (loat½X), while the solubility energy is
computed using the chemical potential of the reference state (per
atom) of the X species (loref ½X), listed in Tables B.9 and B.10. The
Eo½n:Ni energy is associated with the energy of the system with n
nickel atoms. Eo½ðn 1Þ:Niþ X and Eo½n:Niþ X are the energies of
the system with one solute in the substitutional site and one in
the interstitial site, respectively. The difference between the inser-
tion and the solubility energy corresponds to the cohesive energy
of the reference state of the X atom. We report the solubility ener-
gies calculated using two reference energies: either the experimen-
tal cohesive energies (data were taken from Kittel [23]), or the DFT
energies of the reference states (those listed in the third columns of
Tables B.9 and B.10 in Appendix B).
Tables 1–3 provide the energies of the substitutional, tetrahe-
dral and octahedral sites for all elements studied, according to
the supercell size. The ﬁnal energies are weakly dependent on
the supercell size, so they quickly converge. In some cases (for
the Ba and He atoms), larger supercells (4  4  4) were employed
to check the accuracy of the values. Figs. 1 and 2 show the relative
stability (the solubility and the insertion energies, respectively) of
the sites by impurity. The Ni atom was also considered (in the case
of the interstitial sites) for comparison. From these data, we can
now discuss the interactions between the solute and the matrix
(nickel).3.1. General trend: the substitutional sites
For the main species, except for C, N, O, H and B, see below, the
substitutional position is the more stable conﬁguration. In the liter-
ature, only three substitutional elements have been reported in
detail: the S atom [13,14], which is a poison for transition metals,
theNbatom[8]which is involved in thehardeningof the superalloystial positions.
3  3  3
Eins Esol lB
2.219 0.041/0.061 64.8
4.556 4.556/4.556 65.5
6.397 0.587/0.033 63.2
7.356 0.014/0.540 62.6
4.700 0.220/0.617 62.7
2.825 0.225/0.311 65.4
1.737 0.463/0.848 62.7
0.810 3.630/4.107 66.0
1.990 0.270/0.290 64.8
4.393 4.393/4.393 65.5
4.614 1.660/1.817 63.2
5.710 1.660/2.186 62.6
3.655 1.265/1.662 62.7
2.661 0.061/0.474 65.4
0.595 1.605/1.990 62.7
– – –
Fig. 1. Solubility energies (Esol , eV) in the octahedral, tetrahedral and substitutional sites by the solute element. A negative Esol value implies that the atom prefers to be
located, at 0 K, in the Ni network rather than in its reference state. We also report the electronegativity.
Fig. 2. Insertion energies (Eins, eV) in the octahedral, tetrahedral and substitutional sites by the solute element. Atomic radii (Å) are given (right data).
Table 4
D is the relative energy between the (O) and (S) sites and Db1 is the formation
energy of the Vac-X defect. Energies are in eV; u, K and f were computed at 1400 K.
X D½X u½X Esol½Vac  X Db1½X K½X f ½X
He 1.18 17,700 4.37 1.16 7.105 6.105
B 0.69 3.103 4.53 1.17 6.105 0.997and the He atom [15]. For the other elements (Ti–Cu line, see [6], for
example), only the diffusion mechanisms were discussed.
The insertion energy in the substitutional sites is negative
except for some elements: the alkali metals (Na, K, Rb, Sr, Cs and
Ba, except Ca), the halogens (Br, I and Cl), Hg and the rare gases
(He, Ne, Ar, Kr and Xe). The solubility energy of these species indi-
cates that they are poorly soluble in nickel, in agreement with
experimental ﬁndings [36]. From the solubility energies, one
deduces that some species are soluble in nickel, in agreement with
the binary phase diagrams: Be, Mg, Al, Si, P, Sc, Ti, V, Ga, Ge, Se, Zr,
Nb, Hf and Ta. The transition metals are slightly soluble (Esol 
0 eV), which can be explained by the strong stability of theirreference states. For these substitutional species, the difference
in energy between the substitutional and the interstitial sites
is large, up to 2 eV. The fraction of atoms (f) in the octahedral
Table 5
The results for the He, H, B, C, N and O, the solubility energies (eV) and vibrational enthalpy (Fvib, in meV); in bold we show the stable conﬁguration. DETO and DESO represent the
relative stability in energy between the (T) and (O) sites, and the (S) and (O) sites, respectively. The difference in zero-point energy (ZPE) of the tetrahedral and the octahedral sites
is also given (DZPETO , in meV). We also report the ZPE (meV) of the reference states (calculated at 0 K) used to compute Fvib.
(S) (T) (O) DETO DESO DZPETO ZPE[ref]
Esol ZPE Fvib Esol ZPE Fvib
He 3.21 4.393 +72 +72 4.556 +46 +46 0.16 1.35 +26 0
H 2.11 0.290 239 +105 0.061 150 +16 0.23 2.05 +89 134a
B 0.66 1.817 104 22 0.033 116 11 1.78 0.63 12 126b
C 3.61 2.186 118 60 0.540 115 -63 1.65 3.07 3 178c
N 3.68 1.662 120 +45 0.617 102 +27 1.05 3.06 +16 75d
O 1.36 0.474 103 +58 0.311 78 +33 0.16 1.05 +25 45e
a ZPE on the H2 molecule (x ¼ 4351 cm1).
b ZPE on the rhombohedric structure [25], approximated in C.
c DFTP calculation [41].
d ZPE on the N2 molecule (x ¼ 2419 cm1).
e ZPE on the O2 molecule (x ¼ 1597 cm1).
Fig. 3. Schematic of the dumbbell (in red) inside a nickel supercell. (For interpre-
tation of the references to colour in this ﬁgure legend, the reader is referred to the
web version of this article.)(or tetrahedral) sites according to the substitutional sites provided
to ﬁrst order can be calculated by
f ¼ Nocta½X=Nsub½X / exp D½X=kBTð Þ; ð3Þ
where D½X is equal to Esolocta½X  Esolsub½X. The fraction of atoms in
interstitial sites is then negligible, even at high temperature
(because D½X is always greater than 1 eV). The solute occupies
only the substitutional sites.
It can be fruitful to correlate these results with Hume–Rothery’s
rules [37]. To have a high solubility, four criteria have been pro-
posed: (i) the atomic radii of the solute and the Ni atommust differ
by no more than 15% (Fig. 2); (ii) the crystal structures of solute
and solvent must match; (iii) a metal with a lower valency is more
likely to dissolve in one with a higher valency; (iv) the solute and
solvent should have similar electronegativity. If the electronegativ-
ity difference is too great, the metals will tend to form intermetal-
lic compounds instead of solid solutions. We note that for the
transition metals, the criteria agree with our results. However, in
the case of the p-shell elements (groups 13–16 of the periodictable), the radius and the electronegativity differ from those of
nickel, yet they are readily soluble in nickel. For nickel, these crite-
ria can not be relied upon. We can not give a general trend that
relies on the solubility energies, the electronegativity and the
radius of the species in solid solution.
For the S and Nb atoms, our results agree with the theoretical
literature [13,14,8]. One obtains 0.24 and 0.71 eV for the sol-
ubility energies, respectively.
The case of He is particularly striking. Its stable position
remains unclear in the literature. Its size (0.30 Å) suggests that
its preferred position is the interstitial site. Moreover, experimen-
tally, Philipps, et al. [38,39] ascribed the low activation energy of
the He atom (0.14 eV) to an interstitial mechanism, hindered
by trapping at vacancies. However, as noted by Adams [15], He
atoms should be located in the substitutional sites. The embed-
ded-atom-method (EAM) value (1.51 eV [15]) is much lower than
the DFT value (3.21 eV), but the trend is the same: He atoms should
be located in the substitutional sites. The tetrahedral site is 1.18 eV
higher than the substitutional site, but lower in energy than the
octahedral site. This result is thus slightly different from the results
obtained by Adams. We evaluated the fraction of He atoms in the
tetrahedral sites (labeled f tetra½He). McLellan [40] proposed a ther-
modynamic approach to quantify the fraction of atoms in the inter-
stitial sites (for example f tetra½X ¼ Ntetra½X=Ntot½X). It is necessary
to account for the interactions between the X atom and a nearest
neighboring vacancy (labeled ‘‘Vac’’). The fraction is provided to
ﬁrst-order approximation by
f tetra½X ’ 1
1þ u½Xð1þ zK½XÞ ð4Þ
where z is the coordination number (here z = 12), and u½X is equal
to exp D½X=kBT½ . D½X is equal to Esoltetra½X  Esolsub½X and the quantity
K½X is provided by: K½X ¼ exp Db1½X=kBT½  where
Db1½X ¼ Esolsub½X  Esol½Vac  X. The Esol½Vac  X value is the solubil-
ity energy of the Vac-X defect, where the vacancy is in a ﬁrst near-
est-neighbor atomic position of the solute X. In Table 4, we list all
the values. f[He] corresponds to the He fraction in the tetrahedral
sites, which is approximately 105 at 1400 K; thus He atoms are
located only in the substitutional sites. We can now interpret the
experimental ﬁndings of Philipps et al. [38]. The binding energy of
He atoms in substitution is also equal to Eb ¼ Dþ E f1v ¼ 2:55 eV.
Moreover, as we will see in the last section, because the migration
energy of the He atom is low, the dissociation energy (Eb þ Em) is in
excellent agreement with the experimental value, 2.4 eV [38]. The
He atom is thus in substitution and diffuses through interstitial
sites.
Fig. 4. Relative evolution of the relaxation volume (DV=Vat, in %, calculated on a 2  2  2 supercells) with substitution and insertion.3.2. Interstitial species
Unlike the results obtained for most of the elements, carbon,
oxygen, hydrogen, nitrogen and boron prefer to be located in the
octahedral sites. These solutes are smaller than the interstitial sites
in the solvent lattice, here 0.51 and 0.28 Å (in agreement with the
ﬁrst Hume–Rothery rule). Their solubility energies are low (Fig. 1)
but almost all positive (Table 5), and these elements are sparingly
soluble in nickel. In addition, we give in the Table 5 the vibration
correction (including the zero-point energy of the reference states).
We note that the correction is always small in comparison to the
solubility energy except for the H atom. In the case of C [9], O
[11] and H [12], our results agree with the experimental and theo-Fig. 5. Migration pathways: (O–O) and (O–T) sites.retical literature. The C, O and H atoms are poorly soluble in nickel.
For the B and N atoms, no value is available. However, the binary
phase diagrams suggest that B atoms are soluble, unlike N atoms,
in agreement with our results. For H and O atoms, the difference
in energies between the tetrahedral and octahedral site is low
(DE[(T)–(O)] in Table 5), 0.2 eV. These results suggest that, for
these interstitial elements, the migration process could occur pref-
erentially through the tetrahedral site (the shortest distance). On
the contrary, for the N, C and B, DE[(T)–(O)] is large, up to 1 eV.
The migration mechanism is therefore more complex, involving
both sites, i.e., tetrahedral-octahedral (TO) and octahedral-octahe-
dral (OO) migration paths (see Section 4).
In the case of the B atom, we ﬁnd that the substitutional site is
signiﬁcantly more stable than the tetrahedral site by 0.8 eV. The
B atoms are thus located in the octahedral sites, but may diffuse
through a hybrid mechanism, implicating the substitutional sites.
As for He, we evaluated the fraction of the B atoms in the octahe-
dral sites (Table 4). At low temperature, B atoms should be located
in the interstitial site, whereas at high temperature (near the
fusion point), the fraction of B atoms in the substitutional sites
became less negligible (1 f  3:103). This result could bear
strongly on the interpretation of its diffusivity at high temperature.
Its diffusion could be hindered by thermal vacancies, as for the He
atoms.3.3. The intrinsic defects
We now discuss the two main intrinsic defects that can be
found in nickel, the dumbbell and the vacancies (mono- and
divacancies).
The dumbbell can be shown as an intermediate defect between
the interstitial site (i.e., the octahedral site) and the vacancy. In the
fcc systems, a Ni atom in an octahedral site is pushed toward one of
its nearest neighboring Ni atoms, thus slightly displaced from its
ideal position. In Fig. 3, we represent the schematic of the
Fig. 6. Schematic of the migration mechanism paths: NEB results for the (TO) and (OO) paths energies, obtained on 2  2  2 surpercells.
Table 6
Migration energies (Em , in eV) for He, B, C, H, N and O atoms and the dE difference
energy between the (T) and (O) sites.
Em Em Em dE[(T)-(O)]
(T! O) (O! T) (O$ O)
He 0.17d 0d 0.02b/0.03d 0.17
H 0.17c/0.16e 0.40c/0.40e 0.69c/0.72b 0.23
0.85e
B 0c,d 1.78d/1.78c 1.26a/1.32b 1.78
1.67c/1.41d
C <0.01c 1.67c/1.65d 1.56b/1.43c 1.65
1.75e/1.66d
N 0.30c/0.28d 1.39c/1.31d 1.30a/1.55b 1.05
1.72c/1.61d
O 0.52c/0.53d 0.82c/0.70d 0.87a/0.97b 0.16
1.21c/1.05d
a Direct calculation: 2  2  2 supercell.
b Direct calculation: 3  3  3 supercell.
c NEB calculations: 2  2  2 supercell.
d NEB calculations: 3  3  3 supercell.
e PAW, GGA Ref. [12].
Table 7
Migration energies (Em , in eV) for B, C, H, N and O atoms, frequencies (x, in meV). IS
corresponds to the initial state, FS to the ﬁnal state and TS to the transition state.
‘‘nsp’’ means ‘‘not a saddle point’’.
Element x(IS) Em x(TS) x(FS)
H (OO) 100⁄3 0.85 nsp –
(TO) 159⁄3 0.16/0.40 128⁄2 100⁄3
B (OO) 77⁄3 1.41 (M) 118, 45 –
(TO) 69⁄3 0.0/1.78 – 77⁄3
C (OO) 76⁄3 1.66 (M) 123, 25 –
(TO) 78⁄3 0.0/1.65 – 76⁄3
N (OO) 68⁄3 1.60 nsp –
(TO) 80⁄3 0.28/1.31 82⁄2 68⁄3
O (OO) 52⁄3 1.05 nsp –
(TO) 69⁄3 0.53/0.70 71⁄2 52⁄3optimized structure of the dumbbell. The Ni–Ni distance in the
dumbbell (2.05 Å) is slightly smaller than the inter-atomic distance
in fcc Ni (2.49 Å). The distance between this dipole and the ﬁrst Ni
atom is equal to approximately 2.58 Å. The added atom is thenlocated near the octahedral site at 0.8 Å, which is 1.0 Å from the
ideal position. Its formation energy (which is equivalent to Esol) is
 equal to +3.96 eV, in comparison to the solubility energy of
one Ni atom in an octahedral site (+4.11 eV, Table 3). The dumbbell
is more stable than in the (O) site, by 0.15 eV. The elastic relaxa-
tion around the Ni atoms permits this decrease of the energy of the
dumbbell.
Table A.8
Different energies (in eV) used to compute the activation energy (in eV) and the
prefactor Do (10
6 ms1).
DGspo DGto Ea Do
H 0.40 (0.022) 0.32 0.41 1.31
N 1.31 (0.020) 1.07 1.33 1.77
O 0.70 (0.007) 0.18 0.71 1.15
Emoo E
m
ot E
m
to Ea Do
He 0.03 0 0.16 0.19 2.5
B 1.41 (0.03) 1.77 0 1.44 4.5
C 1.66 (0.04) 1.65 0 1.68 6.3We can now compare this energy to the formation energy of the
main vacancies (mono-vacancy and divacancy) in nickel. We found
for the mono-vacancy a value 1.39 eV (with a 2  2  2 supercell)
and 1.37 eV (with a 3  3  3 supercell), in agreement with the
theoretical literature [8], and smaller than the experimental value
(1.70 eV [42,43]), and the values calculated with corrections [44].
The dumbbell is thus energetically less favored than the vacancy,
even at high temperature. In the case of the divacancy, we consid-
ered two conﬁgurations, i.e., when the two mono-vacancies are
located either in the nearest neighbor position (1NN) or in the
next-nearest neighboring position (2NN). The formation energy is
equal to approximately 2.74 and 2.84 eV, respectively. The self-
interstitial defect is thus always higher in energy than the small
clusters.
3.4. Effects of elements on the lattice parameter
We evaluated the relaxation volume when the defect (vacancies
and dumbbell) or the solute is introduced in a perfect fcc crystal.
For the self-interstitial defect, the formation volume (V for) is pro-
vided by:
Vdumfor ¼
V ½ðnþ 1Þ  Ni  ðnþ 1Þ  Vat½Ni
Vat½Ni ð5Þ
where Vat½Ni is the atomic volume of Ni atoms provided by
V ½n Ni=n. For the mono-vacancy, we have:
Vvacfor ¼
V ½ðn 1Þ  Ni  ðn 1Þ  Vat½Ni
Vat½Ni ð6Þ
Vvacfor = 0.70, i.e., a relaxation volume (V
vac
rlx ) of 0.30 at.vol, deﬁned by
Vvacrlx ¼ Vvacfor  Vat½Ni. This value agrees with the experimental (0.8)
and theoretical values (0.7, [45]). In the case of the dumbbell, we
obtain 1.90 for the volume of relaxation (Vdumrlx ¼ Vdumfor þ Vat½Ni).
This value depends strongly on the metal: for Al, it has been evalu-
ated to be 1.9, and 1.3 for copper [46]. We also analyzed the
anisotropy on the lattice parameters induced by the dumbbell, to
be low, 1%.
As for the intrinsic defects, we computed the relaxation volume
for each species in the (S), (T) and (O) sites (V rel½X). To a ﬁrst-order
approximation, the V for½X values of the substitutional site were
approximated by:Fig. 7. Computed diffusion coefﬁcient of H, He, C, N, BV for½X ’ V ½ðn 1Þ  Niþ X  n  Vat½NiVat½Ni ð7Þ
We computed the relaxation volumes of the interstitial sites, using
equivalent equations. Fig. 4 shows the relative evolution of the
relaxation volume when we insert or substitute an element in the
network. These data were obtained on 2  2  2 supercells. Substi-
tution induces lower steric effects than insertion. The ‘‘stable’’ posi-
tion of impurities in the network is mainly related to the steric
effects. The ‘‘free’’ radii are equal to approximately 0.51 and
0.28 Å in the octahedral and the tetrahedral sites, respectively,
whereas in the substitutional site, the radius is 1.24 Å. The substi-
tution induces a contraction of the unit-cell for B, Be, C, H, N, O and
P atoms.4. Migration processes of elements in interstitial positions
We now present the diffusion processes of the interstitial spe-
cies using nudged-elastic band (NEB) calculations [47–49] at con-
stant volume and direct calculations. The simulations were
performed on 2  2  2 and 3  3  3 supercells to reduce the
effects of the relaxation of the box. We considered two migrations
processes: along the (O–O) path, from an octahedral site to the
nearest octahedral site, and the (T–O) path, from a tetrahedral site
to the nearest octahedral site and vice versa (Fig. 5). In the case of
(O–O) migration, we also performed direct calculations (on
2  2  2 and 3  3  3 supercells), for comparison. The interstitial
atom is thus placed in the transition state that is located in the cen-
ter of the migration process. The choice of this saddle point is con-
ﬁrmed by the NEB simulations (Fig. 6). The results are shown in
Table 6.and O atoms in nickel. We also represent the ﬁts.
Table B.9
Cohesive energies (in units of eV), magnetic moment (lB , in units of Bohr’ magneton) and the lattice parameters (in units of Å) of the reference states, comparison with the
experimental data: Theo./Exp. (if not speciﬁed, from Kittel [23]).
Element Phase loref Ecoh lB ao bo co b()
Al fcc 3.697 3.433/3.390 0.00 4.05/4.05
Ar atom 0.024 0.000/0.080 – /5.31
As [24] rhombo 4.574 2.980/2.960 0.00 3.87/3.76 9.46/10.55
Au fcc 3.202 3.044/3.810 0.00 4.18/4.08
B [25] rhombo 6.688 6.427/5.810 0.00 5.05/5.06 58.0/58.0
Ba cc 1.923 1.894/1.900 0.01 4.97/5.02
Be [26] hcp 3.729 3.689/3.320 0.00 2.26/2.29 3.56/3.58
Bi cc 3.726 2.494/2.180 0.00 3.98
Br diatom 1.496 1.301/1.220 0.09 2.31/2.28
C diam 9.100 7.894/7.370 0.00 3.58/3.57
Ca fcc 1.908 1.897/1.840 0.00 5.54/5.58
Cd hcp 0.765 0.770/1.160 0.00 3.19/2.98 5.86/5.62
Ce fcc 5.964 4.364/4.320 0.00 4.74/5.16
Cl diatom 1.778 1.499/1.400 0.00 2.01/1.99
Co hcp 6.990 5.435/4.390 1.57 2.49/2.51 4.02/4.07
Cr cc 9.469 4.206/4.100 0.01 2.85/2.88
Cs cc 0.857 0.705/0.804 0.00 6.11/6.05
Cu fcc 3.727 3.497/3.490 0.00 3.64/3.61
Dy hcp 4.526 4.330/3.040 0.00 3.60/3.59 5.62/5.65
Er hcp 4.484 4.234/3.290 0.00 3.57/3.56 5.54/5.59
Eu cc 1.862 1.869/1.860 0.00 4.45/4.58
F diatom 1.795 1.253/0.840 – 1.43/1.43
Fe cc 8.118 5.130/4.280 2.15 2.83/2.87
Ga [27] bco 2.899 2.689/2.810 0.00 4.58/4.52 7.73/7.66 4.57/4.53
Ge diam 4.489 3.834/3.850 0.00 5.76/5.66
Gd hcp 4.584 4.311/4.140 0.00 3.63/3.63 5.71/5.78
H diatom 3.401 2.280/2.260 0.00 0.75/0.74
He atom 0.001 0.000/
Hf hcp 9.833 6.500/6.440 0.00 3.20/3.19 5.05/5.05
Hg rhombo 0.178 0.196/0.670 0.00 3.15/3.01 72.2/70.5
Ho hcp 4.500 4.254/3.140 0.00 3.59/3.58 5.58/5.62
I diatom 1.327 1.170/1.110 0.10 2.69/2.66
In ct 2.559 2.365/2.520 0.00 3.31/3.25 5.03/4.95In the case of the migration between two adjacent octahedral
sites, one always obtains symmetric curves, which justiﬁes the
direct calculations. However, the direct calculations yield slightly
different values in comparison to the NEB calculations on small
supercells. The difference (0.2–0.3 eV, Table 6) can lead to differ-
ing conclusions. With large supercells the disagreement is reduced.
In the case of the (TO) migration (asymmetric diffusion path) we
found that, for two species (boron and carbon), the transition state
is located near, or, in the tetrahedral site. Such results have already
been mentioned for the C atoms in fcc-Ni [9] and fcc-Fe [50]. The
tetrahedral site for the B and C atoms can thus be considered to
ﬁrst-order as the transition state, even if, in the case of C atoms,
no imaginary frequencies were found for the tetrahedral conﬁgura-
tion. For the O and N atoms, the transition state is located at the
middle of the path way, in the triangle composed by three Ni
atoms; for the H atom, it is located near the (T) site as shown by
Wimmer [12]. In addition, we calculated the interstitial frequen-
cies for all conﬁgurations, i.e., the (T) and (O) sites and those of
the transition states. To ﬁrst-order, only the interstitial frequencies
are calculated, neglecting the vibrations of the network (Ni atoms
are frozen), and computed using a frozen-mode approach, in which
the relative displacements of the interstitial element were equal to
0.01 on 3  3  3 supercells (harmonic approximation). The results
of the simulations are summarized in Table 7.
Our results show two types of migration mechanism. First, H, N
and O atoms diffuse only from the octahedral sites through the tet-
rahedral sites. We found two imaginary frequencies at the saddle
point along the (OO) migration path, meaning that this conﬁgura-
tion is not a transition state (labeled ‘‘nsp’’, not a saddle point, in
Table 7); the migration is along the (OT) direction. The energy
landscapes for these elements are the same as those presented in
Fig. 2, Ref. [12]. However, the conclusion is different in the caseof the C, He and B atoms. Both migrations paths are involved in
the diffusion mechanism. For the C and B atoms, the tetrahedral
site can be considered a transition state of the (OT) migration path.
We also found that the migration energies are qualitatively equiv-
alent in both paths. In the case of the He atom, the mechanism
involves two transition states, between the (OO) and (OT) paths.
We evaluated the coefﬁcient of diffusion using equations given
in Appendix A. We also plot the diffusivity (Fig. 7) and and ﬁt acti-
vation energies (Ea) and prefactors (Do), Table A.8. Our values are in
excellent agreement with literature for the H, O and C atoms
[12,51,9]. Speciﬁcally, in the case of the He atom, the low activation
energy in the interstitial sites is in excellent agreement (0.19 eV)
with the experimental value (0.14  0.03 eV [39]), the He atom is
in the substituted position but moves through interstitial sites.5. Conclusions
We present a complete database of the solubility and insertion
energies of impurities in nickel using ﬁrst-principles calculations.
For most of the elements, the substitutional site is determined to
be preferred. As a consequence, their diffusion process can be
described by a ﬁve-jump-frequencies mechanism [52].
C, O, N, B and H atoms are the only interstitials elements. Their
insertion in the octahedral site is more stable than in the tetrahe-
dral site. The migration energies are calculated for these interstitial
elements.Acknowledgments
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Table B.10
The cohesive energy and the lattice parameters of reference states: comparison with the experimental data: Theo./Exp. (if not speciﬁed, from Kittel [23]).
Element Phase Eo Ecoh lB ao bo co b()
Ir fcc 8.793 7.397/6.940 0.00 3.88/3.84
K cc 1.039 0.870/0.934 0.00 5.27/5.59
Kr fcc 0.069 0.050/0.116 0.00 6.46/5.64
Li cc 1.898 1.620/1.630 0.00 3.45/3.49
Mg hcp 1.524 1.484/1.510 0.00 3.19/3.21 5.19/5.21
Mn [28] cc 8.963 4.116/ 0.15 8.54/8.91
Mo cc 10.808 6.384/6.820 0.00 3.17/3.15
N diatom 8.337 5.318/4.920 0.00 1.11/5.66
Na cc 1.304 1.098/1.113 0.00 4.20/4.23
Nb cc 10.064 7.027/7.570 0.00 3.32/3.30
Nd hcp 4.684 4.324/3.400 0.00 3.70/3.66 5.97/5.89
Ne fcc 0.057 0.046/0.020 0.04 4.42/4.46
Ni fcc 5.461 4.894/4.440 0.62 3.52/3.52
O diatom 4.891 3.135/2.600 2.00 1.23/1.21
Os hcp 11.116 8.510/8.170 0.00 2.76/2.74 4.36/4.32
P [29] complex 5.283 3.505/3.430 0.00 12.44/11.45 5.94/5.503 12.1811.26 71;89;71/71;90;71
Pb fcc 3.548 3.009/2.030 0.00 5.02/4.95
Pd fcc 5.215 3.716/3.890 0.29 3.96/3.89
Pm none 0.022 0.000/ – /
Pr [30] hcp 4.725 4.465/3.70 0.00 3.73/3.67 12.10/11.84
Pt fcc 6.045 5.491/5.840 0.00 3.98/3.92
Rb cc 0.929 0.772/0.852 0.00 5.70/5.59
Rh fcc 7.223 5.827/5.750 0.00 3.85/3.80
Ru hcp 9.160 6.887/6.740 0.00 2.73/2.71 4.30/4.28
S diatom 3.512 2.585/2.200 2.00 1.90/1.89
Sb [31] 166 4.159 2.818/2.750 0.00 4.38/4.31 11.39/11.27
Sc hcp 6.225 4.751/3.900 0.00 3.32/3.31 5.15/5.27
Se [32] compl 3.511 2.739/2.460 0.00 4.43/4.36 5.08/4.95
Si diam 5.432 4.655/4.630 0.00 5.47/5.43
Sn diam 3.832 3.255/3.140 0.00 6.64/6.49
Sm [33] st 4.638 4.794/2.140 0.00 9.02/8.91 23.3/23.3
Sr fcc 1.625 1.608/1.720 0.00 6.00/6.08
Ta cc 11.735 8.676/8.100 0.00 3.32/3.30
Tb hcp 4.555 4.329/4.050 0.00 3.62/3.60 5.67/5.70
Tc hcp 10.205 7.082/6.850 0.00 2.76/2.74 4.42/4.40
Te [34] trigonal 3.163 2.522/2.190 0.00 4.51/4.46 5.98/5.93
Ti hcp 7.742 5.591/4.850 0.00 2.92/2.95 4.64/4.68
V cc 8.926 5.448/5.310 0.00 3.00/3.03
W cc 12.785 8.447/8.900 0.00 3.19/3.16
Xe fcc 0.061 0.055/0.160 0.00 6.99/6.13
Y hcp 6.384 4.994/4.370 0.00 3.66/3.65 5.65/5.73
Yb fcc 1.452 1.469/1.600 0.00 5.39/5.48
Zn hcp 1.113 1.116/1.350 0.00 2.65/2.66 5.01/4.95
Zr hcp 8.435 6.431/6.250 0.00 3.23/3.23 5.19/5.16and 2013-p0842. The authors acknowledge the support of the-
French Agence Nationale de la Recherche (ANR), under Grant EcH-
yDNA (Blanc 10–19424).Appendix A. Diffusion mechanisms for interstitial elements
The temperature-dependent diffusion coefﬁcients of H, N and O
interstitials in Ni including equilibration in the metastable (tetra-
hedral) sites are given by [12]:
D ¼ a2o
kT
h
eDGspo=kT
1
2
1þ 2eDGto=kT 1 ðA:1Þ
where ao is the lattice parameter, DGspo ¼ Gsp  Go is the difference
in Gibbs free energy (including the vibrational energy) between the
saddle point (sp) and the octahedral site, and DGto is the difference
in the Gibbs free energy of the tetrahedral and octahedral sites. The
data are summarized in Table A.8. We also list the activation ener-
gies (Ea) and the prefactors Do ﬁtted from an Arrhenius plot. The
Arrhenius plot of the computed diffusion coefﬁcient shows a rea-
sonable linear behavior.
In the case of the C, He and B atoms, D depends to the resident
time in both sites [53]. The residence time (so) in the octahedralsite is equal to (12 and 8 nearest neighbor octahedral and tetrahe-
dral sites, respectively):
s1o ¼
h
kT
ð12 expðGmoo=kTÞ þ 8expðGmot=kTÞÞ ðA:2Þ
Po ¼ 12 expðGmoo=kTÞ/ð12 expðGmoo=kTÞ þ 8 expðGmot=kTÞÞ and
Pt ¼ 8 expðGmot=kTÞ/ð12 expðGmoo=kTÞ þ 8 expðGmot=kTÞÞ, and in
the tetrahedral site (4 nearest neighbor octahedral sites):
s1t ¼
h
kT
ð4 expðGmto=kTÞÞ ðA:3Þ
The time to move from an octahedral site to an other octahedral site
(hsi) is:
hsi ¼ soPo
1 Pt=4þ
ðso þ stÞðPo þ 3ÞPt=4
ð1 Pt=4Þ2
" #
ðA:4Þ
the diffusion coefﬁcient is ﬁnally equal to:
D ¼ L2=6=hsi where L2 ¼ a2o=2 ðA:5Þ
The different energies are listed in Table A.8.
Appendix B. Reference states
Tables B.9 and B.10.
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